Electromyogram (EMG) recordings are often corrupted by the wide range of artifacts, which one of them is power line interference (PLI). The study focuses on some of the well-known signal processing approaches used to eliminate or attenuate PLI from EMG signal. The results are compared using signal-to-noise ratio (SNR), correlation coefficients and Bland-Altman analysis for each tested method: notch filter, adaptive noise canceller (ANC) and wavelet transform (WT). Thus, the power of the remaining noise and shape of the output signal are analysed. The results show that the ANC method gives the best output SNR and lowest shape distortion compared to the other methods.
noise or trends) to the signal and signal processing including FIR and IIR filtering, ANC, derivation, WT, independent and principal component analysis, etc. After each change of the processed signal (e.g. adding interference or filtering), the SNR and correlation coefficients are calculated to compare the effectiveness of each signal processing method. The signals are evaluated also by the graphical way -time waveforms, frequency spectra and spectrograms are shown for each type of signaloriginal, corrupted and filtered (Fig. 1) . The paper targets on the EMG signal processing. The three methods of PLI removal are discussed in detail in the following subsections.
Notch filter
The notch filter is the simplest method for removing the fixed narrow bandwidth interference from the signal. The mathematical expression of its transfer function is defined in (1) .
where ω0 is the central frequency of the interference and the width of the notch at -3 dB is 2(1-r) rad/s. Because the PLI frequency and its harmonics are located within the bandwidth of EMG, notch filter removes PLI as well as the components of EMG signal located at this frequency and few frequencies around. Therefore, the filter causes the information loss. For the distortion minimization, narrow band of the filter should be used [1, 3] . Fig. 1 . MATLAB software GUI. Software enables corrupting of the signal with many types of the interferences and artefacts, its filtering and other processing. Software was implemented as the tool for testing methods of biological signal processing and their comparison.
Adaptive noise canceller
The method of ANC filtration exploits two input signals [7, 8, 9] . The primary input is the combination of the original signal and the noise, whose removal is the target of the method. The secondary input is the synthetic reference, which is in correlation with the noise. The filter modifies the reference so that the signal very similar to the noise is gained and the output signal is obtained as its difference with the input signal.
The output is connected to the locked loop of the filter so that minimal output power and also a small power of the noise in output signal are obtained. For the fast optimization of the input signal weights, the RLS (Recursive Least Square) filter [14, 15, 16] which uses the sum of the squares of the error signal (deviation of the reference signal and the input signal) as a critical function, is used [1, 3] .
Wavelet transform
Because of many limitations of the Fourier transform used in the processing of the non-stationary signals, the methods of the time-frequency processing are found. The idea of the WT is the suitable changing of the maternal wavelet's width in time and to gain the optimal ratio between time and frequency distinguishability [10, 11, 12] .
The WT technique is very often used in the processing of the non-stationarity signals but also in other cases, because of the extensive selection of the maternal waves, whose shape often responds to their main characters (e.g. QRS complex of ECG) [4, 5] . According to [6] , many types of maternal wavelets were tested and three of them were evaluated in the study (Db6, Sym4 and Meyer wavelet).
Criteria of Performances
The three methods discussed in the previous section are applied to the corrupted EMG signal. The criteria used for the performance analysis of each method are SNR and shape distortion of the output signal.
Signal generation
The simulated EMG signal was generated using LabView Biomedical toolkit [18] and has the following properties:
• maximum amplitude 4 mV,
• contraction duration 1 s, • frequency bandwidth 20 -300 Hz,
• sampling frequency 1 kHz.
First, the 50 Hz PLI with amplitude 0.4 mV is added to the generated EMG signal. This signal has the SNR value of 6.459 dB. Then, the corrupted EMG signal is filtered using the methods discussed above, and SNR and correlation coefficient with the original signal are calculated. For the graphic representation, also the Bland-Altman analysis is shown for each method.
Signal-to-noise ratio
The value of SNR is defined as the ratio of the simulated signal power (PS) to the power of the remaining interference (PN) according to (2).
The SNR value is calculated for the signal after adding the interference and then, for each filtering method to compare, how much the method was successful. With the increasing SNR, the power of the noise is smaller, and the filtering process is more quality.
Correlation coefficient
The correlation coefficient is also computed for the signal with interference and the pair of the output signal and the original simulated signal. The value of the correlation coefficient ranged from 0 to 1 shows the shape similarity of the filtered signal and the original signal. Higher correlation coefficient means a lower signal's shape distortion.
Bland-Altman analysis
Bland-Altman graph [12, 13] is used mainly to compare the results of all methods. The chart shows the relation between the result of the signal filtration and the original signal. Bland-Altman analysis compares two variables in their difference and aver-age, which are computed for each sample. The resulting graph is the dependence of this difference and average. The average value (AVG) and the standard deviation (SD) are computed and shown in the graph as three horizontal lines (AVG, AVG ± 1.96·SD).
More samples located around the AVG horizontal line shows the more accurate relation between the original and the output signal.
Results
Each of the three methods mentioned in section 2 gained different results that are presented in this section.
Notch filter. The classical IIR notch filter [17] eliminates the spectral lines of the selected frequency components but also reduces the power of the nearby frequencies. The sufficient attenuation of the PLI frequency can be obtained by increasing the width of the stopband. However, the wider stopband causes more information removal and the signal is distorted. In this study, the filter orders 1, 5 and 10 were used. In the case of the order 1, SNR descended beside the original value but using the higher order SNR increased. On the other hand, the correlation achieved quite high value in all cases.
Adaptive noise canceller. In the case of the ANC filtration method, SNR in-creased very highly, and the correlation was preserved. Because ANC works with the reference which in this case entirely copies the interference signal, the signal is not distorted in any way and only the PLI is removed. The order of the adaptive filter was set to 1, 5 and 10. The highest SNR was gained in the case of the order 1, with increasing order SNR decreased.
Wavelet transform. From the available types of maternal waves in MATLAB software, the Db6, Sym4 and Meyer wave gained better result. However, SNR decreased to zero and correlation coefficient reached only about 0.24. Though WT is a recommended method for the processing of the non-stationary signals, in this case this method reached the lowest results in SNR and correlation because of the elimination of the higher frequencies of the signal and the information loss. The results indicate, that from the selection of methods used in this study, the ANC filtration method is applicable in accordance to eliminate PLI from EMG signal. It gained the best results and the correlation is still close to 1, so it has the minimum effect on the shape of the signal.
Conclusion
In the study, three methods used for reducing PLI in the EMG signal are compared. For the analysis of their performance, SNR and correlation coefficients are computed as indexes of each technique. The SNR values of the signal containing PLI and the output signal show the accuracy of each method. Concerning SNR and correlation coefficients, ANC filter proves to be the most suitable method of EMG signal processing in the case of PLI removal.
